When our eyes track objects that are moving in a richly structured environment, the retinal image of the stationary visual scene inevitably moves over the retina in a direction opposite to the eye movement. Such self-motion-induced global retinal slip usually provides an ideal stimulus for the optokinetic reXex. This reXex operates to compensate for global image Xow. However, during smooth pursuit eye movements it must be shut down so that the reXex does not counteract the voluntary pursuit of moving targets. Here, we asked if retinal information is suYcient for this cancellation of the optokinetic reXex during smooth pursuit eye movements. In a series of experiments, we show that neither the eye movement-induced retinal image motion per se nor the relative motion between the pursuit target and the background are suYcient for suppression of optokinesis. We, therefore, conclude that extra-retinal information about smooth pursuit eye movements is required for the cancellation of the optokinetic reXex. 
Introduction
One of the big challenges for most animal species and humans is to provide their visual system a stable retinal image of the world despite self-motion. This is usually accomplished by gaze-stabilizing reXexes such as the optokinetic reXex (OKR). However, during smooth pursuit of moving targets this reXex has to be suppressed as it would otherwise counteract the voluntary eye movement: while tracking a moving object of interest, the image of the stationary world will inevitably slip over the retina in the opposite direction. Such global image motion reXects an ideal stimulus for the OKR which consequently would try to move the eyes in a direction opposite to the pursued target. Thus, the OKR must be switched oV during such smooth pursuit eye movements (SPEM). Otherwise, voluntary pursuit would become impossible. Suppression of optokinesis is already reXected by our ability to pursue moving objects in front of a stationary, textured background. In fact, previous studies report only slight reductions of eye velocity (5-10%) during the maintenance of SPEM in the presence of an optokinetic background as compared to pursuit of a single target in an otherwise dark environment (man: Collewijn & Tamminga, 1984; Yee, Daniels, Jones, Baloh, & Honrubia, 1983; monkey: Ilg, Bremmer, & HoVmann, 1993; Ilg & HoVmann, 1996; Mohrmann & Thier, 1995) . Other studies even failed to detect these minor inXuences of optokinetic backgrounds on pursuit (Keller & Khan, 1986) .
Large OKR-induced modulations in SPEM velocity can be observed if shifting a structured background suddenly and in any direction apart from the direction of pursuitinduced global image Xow (Kodaka, Miura, Suehiro, Takemura, & Kawano, 2004; Lindner, Schwarz, & Ilg, 2001; Schwarz & Ilg, 1999; Suehiro et al., 1999) . This Wnding demonstrates a direction-speciWcity of OKR suppression. Furthermore, it directly reXects the necessity to cancel the OKR due to SPEM-induced motion while guaranteeing the ability to counteract any other kind of unexpected global image motion. Yet, the question of how the oculomotor control system manages to switch oV the OKR during SPEM in such an ecologically plausible manner has still to be answered. At present, there is only preliminary experimental evidence implying that either the relative motion between the pursuit target and the background, or, alternatively, the pursuit-induced background image motion per se might be used as purely visual cues to suppress the OKR in the direction of self-produced image motion (Kodaka et al., 2004; Suehiro et al., 1999; Wyatt & Pola, 1984) . We, therefore, tried to test thoroughly whether such visual information is suYcient for the direction-speciWc cancellation of the OKR during SPEM or whether extra-retinal information like for instance an eVerence copy (von Holst & Mittelstaedt, 1950) or corollary discharge (Sperry, 1950) of the voluntary eye movement motor command might be additionally needed.
Methods

Experimental paradigms
Our experimental approach was to use global motioninduced modulation of eye velocity as an experimental probe to determine whether speciWc kinds of visual information are suYcient for suppressing the OKR during SPEM. SPEM were guided by a red target dot (0.3°£ 0.3°; 9.5 cd/m 2 ), which randomly stepped 2° to the left or to the right after a variable period of Wxation before it started to move with a constant velocity of 10°/s in direction opposite to the step for 1000 ms. This 'step-ramp' paradigm (compare Rashbass, 1961) was engaged to avoid an initial saccade to the pursuit target. This was important because such saccades might have obscured the global motioninduced modulation of eye velocity. Throughout the entire step-ramp trial, a structured background pattern was visible. The pattern consisted of 400 vertical, white line elements (»0.1°£ 0.3°; 35 cd/m 2 ) on an otherwise dark (0,0 cd/m 2 ) background which subtended 45°£ 41°. In our control condition, this background remained stationary throughout the trial, whereas, in all other trials the background unexpectedly shifted either in the direction of pursuit or in the opposite direction. Such shifts always lasted for 200 ms. Within this period the background was moving "en bloque" at a constant velocity of 20°/s. According to our previous Wndings (Lindner et al., 2001; Schwarz & Ilg, 1999) an OKR-induced modulation of SPEM velocity was to be expected whenever the background shifted in direction of target motion (inphase). However, background motion in the opposite direction (counter-phase) should not elicit any modulation because of OKR suppression in direction of selfinduced image Xow. All visual stimuli were presented on a CRT monitor (frame rate 60 Hz) in a dark experimental room.
In the Wrst experiment ('background motion onset experiment') we tested whether this direction-speciWc cancellation of the OKR also occurs in situations where the structured background starts to move before SPEM has actually been initiated, i.e., no SPEM-induced image motion is available prior to the background shift. To this end, we varied the starting time of the background shift relative to pursuit target onset. Stimulus onset asynchronies (SOAs) were chosen 0, 100, and 200 ms, respectively. All conditions were presented randomly interleaved and with an equal share of 2/7 (1/7 in-phase and 1/7 counter-phase background shifts). The remaining pursuit trials (1/7) consisted of the control condition, engaging SPEM over a stationary structured background. Sixty trials (30 trials leftward and 30 trials rightward SPEM) were registered for each condition and for each subject.
In a second experiment ('blink experiment') we asked whether the relative motion between the pursuit target and the background is necessary to suppress the OKR during SPEM. Similar to the background motion onset experiment, brief pulses of background motion were applied in a subset of trials while the SOA of the background shift was always set to 200 ms. The critical parameter in this experiment was the presence (relative motion) or absence (no relative motion) of the pursuit target around the time of the background shift: in randomly selected trials the pursuit target disappeared 150 ms after target movement onset. The target kept on moving invisibly for 300 ms until it reappeared for a further 550 ms. In other words, the pursuit target disappeared 50 ms before background motion onset and reappeared 50 ms after its oVset. SPEM trials with (50% share) and without (50% share) target extinction were presented randomly interleaved. Trials engaging pursuit across a stationary structured background served as a control condition. Again, 60 trials were registered for each possible stimulus combination and for each of our subject.
Finally subjects conducted a 'Wxation experiment' which tested for optokinetic responses during stationary Wxation. The experiment resembled the timing and the principle design of the blink experiment with the only diVerence being that the Wxation target remained stationary throughout the entire trial. The Wxation spot vanished for 300 ms in half of trials. In the remaining half of trials the target remained visible throughout the trial. The background remained stationary in one-third of the trials. It unexpectedly moved to the right for 200 ms in one-third of trials and it shifted leftward in one-third of trials. Sixty trials were registered for each subject and each experimental condition. All conditions were presented in a randomly interleaved fashion.
Subjects
Six subjects, including the investigators (A.L. and U.J.I.), participated in the experiments. All of them had normal or corrected to normal visual acuity. Subjects gave their written informed consent according to the declaration of Helsinki.
Eye movement registration and analysis
Movements of our subjects' left eye were recorded using a custom-made IR eye tracker (Pfaltz & Richter, 1956) . It provides an analog output signal which is linearly correlated with the horizontal eye position. The signal was lowpass Wltered (500 Hz) and sampled at a frequency of 1 kHz. Further signal processing was performed oV-line using a commercial software package (Matlab 5.3, The Math Works, Natick, MA): We Wrst applied a digital low-pass Wlter to the eye position records (cut-oV frequency 50 Hz), then calculated eye velocity and eye acceleration, and detected saccades as described elsewhere (Lindner et al., 2001) . Finally, trials containing eye blinks (<1%) were removed from further analysis. Blinks produced spike-like artifacts in the eye position traces that could be easily detected by an eye position-criteria: 'Spikes' larger than 15°w ere automatically deemed an eye blink and the respective trial was discarded.
To assess background-related modulations in the desaccaded eye velocity traces we applied a two step procedure: In a Wrst step, we tried to isolate velocity components in single trials that were due to the applied background shifts. Therefore, we removed the mean eye velocity obtained in trials without background movement from each individual eye velocity record. This was done separately for each individual subject, each pursuit direction (left and right) and for stationary Wxation in our Wxation experiment, respectively. In a second step, the resulting velocity traces were subjected to a cross-correlation analysis described in detail elsewhere (Lindner et al., 2001) . In short, we removed linear trends from the eye velocity. Then, we calculated the cross-correlation between the 'relevant' part of the actual eye velocity traces (100-600 ms after target motion onset) and the expected background-induced modulation of eye velocity (cosine function, 200 ms period). The maximum value of this correlation provided us an estimate of the strength of In the absence of such a modulation (e.g., in the control condition) this maximum value was solely determined by factors other than the background shift (such as noise, ringing, etc.,). To express background motioninduced modulations in eye velocity independently from such 'irrelevant' factors, which diVered between experiments and subjects, we calculated a normalized modulation index ('MI') for each individual subject and each experimental condition. This MI was deWned as the ratio between the average of the maximal cross-correlation values for a speciWc experimental condition and the mean of the maximal cross-correlation values obtained in the respective control trials (stationary background). MIs signiWcantly greater than one were obtained if there was a background-induced modulation of SPEM velocity as compared to the control condition. MIs statistically indistinguishable from one would indicate the absence of such a modulation.
Results
Background motion onset experiment
In our Wrst experiment, we varied the onset of the background movement relative to target motion onset (SOA). Given a latency of about 100 ms to initiate SPEM (e.g., Carl & Gellman, 1987) , an eye movement could be initiated before background motion onset in some trials (SOA 200 ms), whereas it could not be initiated in others (SOAs 0 and 100 ms). Hence, if a direction-speciWc suppression of the OKR would be present irrespective of the SOA, such a suppression could obviously not result from self-induced visual information as a consequence of the pursuit eye movement. Fig. 1 gives examples for an individual subject. The graphs show the de-saccaded mean eye velocity traces during pursuit of a target which was moving rightward (Figs. 1A and B) or leftward (Figs. 1C and D) . Figs. 1A and C depict conditions engaging in-phase background shifts, Figs. 1B and D summarize counter-phase trials. In all Wgures an additional control condition, in which the background remained stationary, is shown as a reference (mean § standard deviation). Obviously any in-phase shift of the background led to a timelocked, sine-like modulation of eye velocity deviating consistently from the standard deviation boundaries of the control condition and occurring irrespective of the SOA (see Fig. 1A and C). However, there was no such change in velocity if the shift was directed opposite to the target movement (Figs. 1B and D; also compare supplementary Fig. 1) .
The same holds true for the group analysis. Fig. 2 shows the modulation index MI as a function of background motion direction and SOAs. MIs were averaged across six subjects and for rightward and leftward SPEM, respectively. Like in the examples given in Fig. 1 , a signiWcantly diVerent modulation (MI D 1: p < 0.05; t test) was obtained for inphase movements only, independent of the SOAs. This is further supported by a 2-way ANOVA with the factors SOA and phase: Besides the signiWcant eVect of phase (p < 0.001), neither the factor SOA (p D 0.29, ns) nor its interaction with the factor phase (p D 0.51, ns) reached statistical signiWcance.
Blink experiment
In a second experiment, the pursuit target was sometimes extinguished for a period of 300 ms around the time of the contingent background shifts. Hence, there was no relative motion between the pursuit target (which was absent) and the structured background. However, if such relative motion would act as a switch to turn oV the OKR, we might expect that background shifts in any direction would trigger a modulation in eye velocity during the period of target extinction.
Figs. 3A and C depict the mean eye velocity traces of an individual subject during rightward and leftward pursuit, respectively, without target blanking. As was expected, only background movements in direction of SPEM led to a clearly visible modulation of eye velocity that diVered substantially from the standard deviation boundaries of the control. In contrast, eye velocity during counter-phase movements was always indistinguishable from the control condition with a stationary background. Trials with target extinction are shown in Figs. 3B and D. In every single condition there was an obvious drop in eye velocity as soon as the pursuit target vanished. Apart from this target-related eVect an additional background-induced modulation in eye velocity was again present for in-phase shifts of the background, only. This was also reXected by the modulation indices, which again were averaged across subjects for left- Error bars reXect the 95% conWdence interval of the mean MIs, which were calculated across our six subjects. The broken line indicates an MI of 1, i.e., there is no OKR-induced modulation of SPEM velocity if compared to the control condition. MIs that were signiWcantly greater than one are labeled (*p < 0.05, t test).
ward and rightward SPEM (see Fig. 4A ). MIs greater than one were only obtained for in-phase background motion (p < 0.01, t test), indicating signiWcant modulation. This was true whether or not the pursuit target was visible throughout the trial. This result is further supported by a 2-way ANOVA with the factors phase and extinction. Again there was a signiWcant eVect of phase (p < 0.001), whereas neither the factor extinction (p D 0.18, n.s.) nor its interaction with phase (p D 0.15, n.s.) did reach the statistical threshold criteria.
Fixation experiment
In our Wnal experiment, we studied optokinetic responses during stationary Wxation. This Wxation experiment resembled the blink experiment except that there was no initial target step and target velocity was set to 0°/s, i.e., the Wxation spot remained stationary throughout the trial. In half of the trials, the Wxation spot was brieXy extinguished around the time of the background shift, . Error bars reXect the 95% conWdence interval of the mean MIs, which were calculated across our six subjects. MIs that were signiWcantly greater than one are labeled (*p < 0.05; **p < 0.01; ***p < 0.001; t test). For further conventions see Fig. 2 .
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whereas it remained visible throughout the other half of the trials. Fig. 4B 
Discussion
We were able to show that brief pulses of background motion were able to modulate SPEM velocity if applied in the direction of target motion. However, no perturbation of eye velocity occurred for background shifts in the opposite direction. Both eVects were obtained irrespective of (i) the SOA of the background shift (background motion onset experiment); (ii) the extinction of the pursuit target during such a shift (blink experiment); (iii) furthermore, the direction-selective suppression of optokinesis during SPEM was even more eYcient than suppression during stationary Wxation (blink vs. Wxation experiment).
Our Wndings support the notion, that during SPEM the OKR is speciWcally cancelled in the direction of pursuitinduced image motion (Kodaka et al., 2004; Lindner et al., 2001; Schwarz & Ilg, 1999; Suehiro et al., 1999) . Such a direction-speciWc suppression necessarily has to rely (at least) on information about SPEM direction. Directional information might be derived from retinal as well as from extra-retinal cues. However, as the latter information can be used to recover motion information in world-centered coordinates (e.g., see von Holst & Mittelstaedt, 1950; Ilg, Schumann, & Thier, 2004) and because the cancellation of the OKR does not refer to such an allocentric frame of reference (see Lindner et al., 2001) , it seemed to us rather unlikely that extra-retinal signals are engaged in OKR suppression. In contrast, purely retinal signals, namely the pursuit-induced image motion of a background per se (Suehiro et al., 1999) or its motion relative to the pursuit target (Wyatt & Pola, 1984) , were suggested as possible candidates. Suehiro and coworkers (1999) used a stimulus, in which a background was moving with the same speed as the pursuit target before an additional background shift was applied in any of the four cardinal directions. Thus, their general experimental approach was similar to ours with the exception that prior to the step change of background speed the amount of self-induced image motion of the background was drastically reduced. Note that there was no relative motion between the background and the SPEM target. Interestingly, in such conditions an OKR-induced modulation could also be induced in the direction opposite to the ongoing SPEM. On the one hand, this implies that there is no direction-speciWc suppression of the OKR whenever self-induced image motion (or relative motion between target and background) is missing. On the other hand, both, the pursuit target and the background were moving coherently. Thus, they might have been pursued as one single target. Changing the speed of large parts of this combined pursuit target (due to the background shift) might already lead to the observed change in pursuit velocity without any contribution of the OKR.
In another study Wyatt and Pola (1984) stressed the role of relative motion for the suppression of the OKR. They were able to show that presenting a pursuit target during an ongoing OKR was able to suppress this gaze-stabilizing reXex within 150-200 ms. This result demonstrates that SPEMinduced image motion cannot account for the cancellation of the OKR because suppression already occurred before/during pursuit initiation. Moreover, even though relative image motion could explain their results, extra-retinal information on the (intended) eye movement could explain them as well.
In the present study, we demonstrate that both kinds of visual information, i.e., self-induced image motion and relative motion, are not suYcient for the direction-speciWc suppression of the OKR during SPEM. In the background motion onset experiment, we could demonstrate, that OKR suppression works perfectly even without access to selfinduced image motion. Background shifts that were applied before the actual initiation of SPEM also led to a directionspeciWc cancellation of the OKR. Although, this experiment rules out pursuit-induced image motion as a possible cue for OKR suppression, relative motion information was still available. However, as revealed by our blink experiment, such relative motion between the pursuit target and the structured background also cannot explain the directionspeciWc cancellation of the OKR. Suppression in the direction of pursuit-induced image motion even occurred in the absence of the visual target, i.e., there was no relative motion. Thus, the cancellation of gaze-stabilizing mechanisms during smooth pursuit eye movements cannot solely be attributed to purely visual mechanisms. This implies that extra-retinal information on the smooth pursuit eye movement is a prerequisite for such suppression of the optokinetic reXex. Our Wnding that the cancellation of the OKR during self-induced and thus predictable image motion due to SPEM is even more eYcient than during unpredictable global image shifts while Wxating a stationary target again points towards the use of extra-retinal information. Only extra-retinal signals on the intended eye movement are suYcient to predict the direction of the upcoming, pursuitinduced global image motion and thus could prevent the optokinetic system from being spuriously driven by selfinduced image Xow.
